Exercise has widely been shown to improve cognition, potentially by making individuals more receptive to sensory stimulation or inhibiting irrelevant information. Caffeine, one of the world's most widely used stimulants, seems to have similar effects. It seems that both exercise and caffeine improve cognitive function separately, but little research has been done examining their combined effects. The purpose of this study was to examine the impact of caffeine and exercise, independently and combined, on cognitive function. 20 healthy college students completed the study. These participants were low caffeine consumers. Each participant came to the lab 5 times. During the first session, they completed a graded exercise test on a cycle ergometer to determine ventilatory threshold (VT). The following four sessions were test sessions involving supplementation and exercise. During these, each participant engaged in 30 minutes of cycling (at 90% VT) or 30 minutes of quiet reading after consuming either caffeine (at 4 mg/kg body weight) or a placebo. The Contingent Continuous Performance Task (CPT) and Wisconsin Card Sorting Task were used to measure cognitive function and were completed 5 minutes and 20 minutes after exercise or quiet reading. There were no significant differences found for any variables tested, for condition effect, time effect or condition * time interaction, except for a significant time effect on false alarms on the Contingent CPT (p = 0.017). This study may have been limited by multiple variables including the population, executive function measures, caffeine dosage, or exercise prescription. These findings point to the need for future research to understand the changes in cognition from exercise and caffeine in combination. Future research may include looking at exercise at different intensities, different dosages of caffeine, or looking at the long-term cognitive effects.
Introduction
Exercise has widely been shown to improve cognition by making individuals more receptive to sensory stimulation or inhibiting irrelevant information. Changes include increased long-term and short-term memory, increased executive function and decreased reaction time [1] [2] . Moderate steady-state exercise increases central nervous system arousal, which may make the individual more receptive to stimulation and increasing motor process speeds [2] . It is also possible that with limited resources (oxygen, neurotransmitters, etc.), resources are directed only to important brain centers, allowing us to focus on those tasks [3] . Pontifex, Hillman, Fernhall, Thompson, and Valentini [4] studied the effect of a 30-minute bout of running (at 60% -70% VO 2 max) on working memory, an aspect of executive control, in 21 young adults. Reaction time and accuracy were measured, and the results indicated shorter reaction time both immediately after exercise and 30 minutes after completion of exercise. Reaction time was fastest after exercise during the tasks requiring increased working memory capacity. These results are consistent with a recent meta-analysis of the effect of acute exercise on cognitive performance [5] .
In addition to exercise, caffeine is suggested to have positive effects on multiple aspects of cognition including vigilance, mental alertness, reaction time, visual selective attention, task switching, conflict monitoring and response inhibition [6] - [8] . Caffeine is thought to cause these improvements by antagonizing adenosine receptors; it blocks the action of this inhibitory neurotransmitter by directly acting on both pre-and postsynaptic receptors [8] . Caffeine antagonizes the adenosine receptors in dopamine-rich brain areas, resulting in increased wakefulness and motor activity. Childs and de Wit [7] investigated the effects of 0, 50, 150 or 450 mg caffeine on light, nondependent caffeine users (to rule out the possibility of caffeine's effects being due to reversal of withdrawal). Forty minutes after ingestion, allowing time for plasma levels of caffeine to peak, participants completed tasks including attention, short-term memory and inhibition. Participants consuming caffeine increased the number of correct response and decreased reaction time, though memory was impaired. The researchers concluded caffeine has psychoactive effects, enhancing performance in consumers, dependent on dose and nature of the task.
Hogervorst and colleagues [9] provide one of the few studies which examined the combined effects of exercise and caffeine on measures of cognitive function. In this study, fifteen young male athletes were given a water placebo, a carbohydrate-electrolyte placebo, or carbohydrate-electrolyte solutions containing 150 mg, 225 mg or 320 mg caffeine. A cognitive battery, including attention, psychomotor speed, visual detection, and longterm memory tasks; was completed before and immediately after a 1-hour cycling bout. After exercise, all cognitive functions were improved in the participants who had consumed the beverages with 150 mg and 225 mg caffeine. This novel finding, showing the effects of caffeine on cognitive performance after exercise, demonstrated an improvement in complex cognitive functions, dependent on dose. A follow-up study showed similar improvement: better concentration, faster response speed and detection and improved scores on RVIP, Stroop and Visual Search tasks after caffeine ingestion and an exercise bout compared to placebo ingestion [10] .
It seems that both exercise and caffeine improve cognitive function separately, but little research has been done examining their combined effects. The purpose of this research is to determine the effect that caffeine and aerobic exercise have on executive function in young adults. More specifically, this study looked at the effects of exercise + caffeine, exercise + no caffeine, no exercise + caffeine, no exercise + no caffeine on executive function. Based on previous research, it was hypothesized that performance would be the best during the exercise + caffeine session, and performance would be worst during the no exercise + no caffeine session.
Methods

Participants
Twenty healthy undergraduate college students (16 females, 4 males) were recruited for this study. Recruitment of participants occurred through a posting on the university's website as well as flyers posted in classrooms at the university. All participants reported they were in good health and free of any medical conditions or injuries that may be contraindications of aerobic exercise. All participants completed a caffeine intake log and a written informed consent form which was approved by the university's Institutional Review Board. Participants were compensated with a $25 gift-card. See Table 1 for participant descriptive information.
Measures
The modified Wisconsin Card Sort Task (WCST) and Contingent Continuous Performance Task (CPT) were A modified version of the Wisconsin Card Sort Task (WCST) was used in the present study. The WCST was designed to test abstract behavior and shift of set. It has been shown to be an effective measure of executive function, assessing multiple dimensions of cognition including cognitive processing speed, concept formation, inhibition capacity and cognitive flexibility [11] .
The task consists of 64 stimulus cards and 4 base cards. The four base cards were always one red triangle, two yellow stars, three green crosses and four blue circles, displayed from left to right at the top of the screen. Each stimulus card had one of the four shapes (triangle, star, cross, or circle), colors (red, yellow, green, or blue) and number of objects (one, two, three, or four). The stimulus cards were displayed in the bottom right corner of the screen. The participant was told by the researcher to match the stimulus card to one of the four base cards by color, shape or number. Feedback was given as to whether the card matching was correct by a tone and the appearance of the word "CORRECT" or "INCORRECT" at the top of the screen. Participants were unaware, but the computer changed the rule after ten cumulative correct placements of the cards. The test was completed after the participant successfully sorted 60 cards. The participants were allowed as long as was necessary to finish the task. Total errors from each trial were recorded as a measure of executive control. Total errors were calculated as the number of times a card was matched incorrectly based on the currently applicable rule.
The Contingent Continuous Performance Task (CPT) is an attentional task involving executive control components. To successfully complete the CPT task, inhibitory control, a part of executive control processes, must prevent mistakes [12] . The participant was presented with a series of letters flashed in the middle of the screen for 200 ms, with 1000 ms in between each letter. The instructions were to press the first button on the response pad when the target letter "T" was shown. The letter "S" always preceded the letter "T" but the display of "S" did not mean that the target letter "T" would necessarily follow. A lure occurred when the letter "S" was shown and the letter "T" did not follow. Twenty target letters and ten lures were presented in each trial of the task. Average reaction time (RT) to each target letter was recorded. A false alarm (FA) was recorded anytime the participant pressed the button and the target letter "T" was not shown.
Procedures
All participants came into the lab for five sessions. The participants completed 1 session per day with a minimum of 48 hours between sessions. All sessions took place at the same time of day. During the first session, participants completed the informed consent form and height and weight were assessed. The participant was fitted with a Polar Target heart rate monitor and a V2 mask and headstrap (Hans Rudolph, Inc; USA). The participants were seated on a Corival Lode recumbent bike (Lode B.V. Technology; Groningen, The Netherlands) and a breathing mask was attached to record expired oxygen and carbon dioxide levels using a Parvo Medics True One Metabolic System. After a 60 second warm-up at 0 W, the exercise test began with two minutes at 50 W and increased 25 W every two minutes until volitional exhaustion. Heart rate, VO 2 and Respiratory Exchange Ratio (RER) were constantly recorded throughout the trial and participants were verbally encouraged to go as long as possible. At the end of the trial, the breathing mask was taken off and the participant was told to continue biking at 0 W. Expired gas data was used to determine VO 2 peak and ventilatory threshold (VT). VT was determined in order to set individualized exercise intensity for each participant in the following sessions. VT is the point during graded exercise when ventilation rate increases exponentially while workload continues to increase linearly.
Sessions two through five measured cognitive function after one of four conditions: exercise + caffeine, exercise + no caffeine, no exercise + caffeine, no exercise + no caffeine. The order of sessions were randomly assigned and counterbalanced so each participant took part in each of the conditions, and each session lasted eighty to ninety minutes total. Participants were told after the first session to arrive for each following session dressed in workout clothes and sneakers, ready to exercise if necessary, and ready with reading material of their choice if not asked to exercise. Participants were also asked to abstain from both caffeine and exercise for a minimum of 12 hours before testing sessions. Immediately on arriving to the lab for sessions two through five, the participant was given a colored capsule containing anhydrous caffeine (4 mg/kg body weight; NutraBio Pharmaceutical Grade Caffeine) or placebo (Arrowhead Mills Organic Brown Rice Powder). This study was double blind so the participants and first author were unaware of the contents of the capsules consumed. The capsules content was revealed upon completion of the study. Upon arriving to the laboratory for the second session, or first cognitive testing session, participants were introduced to the cognitive tests and allowed to practice one trial each of WCST and CPT. Body composition (BMI and percentage body fat) was measured at the second session by bioelectrical impedance using a OMRON Fat Loss Monitor (OMRON Healthcare Inc; Bannockburn, Illinois).
After consuming the capsule at the start of each session, the participant was fitted with a heart rate monitor and was told to sit quietly for thirty minutes. They were allowed to read, or use a computer or other technology, but not allowed to leave the laboratory. Resting HR was recorded at the end of the thirty-minute delay. During sessions with exercise, the participant was seated on a SciFit recumbent bike (SCIFIT Systems Inc.; Tulsa, OK) and told to start pedaling. After a minute of warm-up at self-determined power, the power was increased to elicit 90%VT of the participant. Ten minutes into exercise, twenty minutes and thirty minutes (immediately before the end of exercise), HR was recorded to validate the participant was exercising at the proper intenisty. Water was offered every ten minutes but participants could choose whether or not they wanted to drink. After the exercise bout, the participant was told to dismount, offered additional water, and waited five minutes to complete the WCST and CPT. The WCST was always performed first, followed by the CPT. The participants then waited another fifteen minutes (for a total of twenty minutes post-exercise) and completed the WCST and CPT again.
During sessions with no exercise, the participants completed the same protocol, but instead of cycling for thirty minutes, they were simply asked to stay seated on the SciFit recumbent bike and quietly read for thirty minutes. The reading material was the participant's choice. No music or technology was allowed during this thirty-minute session. After completing the thirty minutes, participants waited five minutes and completed the cognitive test battery. They then waited until twenty minutes post-exercise and completed the second round of the cognitive tests.
Statistical Analyses
To determine if there was a significant difference between the different conditions and over time for the dependent variables (cognitive function), a 4 (Condition: caffeine + exercise, caffeine + no exercise, exercise + no caffeine, no caffeine + no exercise) by 2 (Time: 5 min post, 20 min post) Repeated Measures General Linear Model (RM GLM) was performed. Separate RM GLM analyses were run for reaction time and false alarms from the Contingent CPT as well as for total errors from the WCST. A p value of <0.05 was used to determine if the condition, time or condition by time interaction were significant.
Results
The 4 (Condition: caffeine + exercise, caffeine + no exercise, exercise + no caffeine, no caffeine 
Discussion
The purpose of this study was to examine the effect of caffeine and aerobic exercise, together and separately on executive function. The current study failed to show significant differences between the four groups on any of the measures of cognitive function.
The current study showed no significant differences between conditions' reaction times, in contrast to most research, which has shown that reaction time is faster after caffeine consumption or a bout of aerobic exercise. Previous studies have found reaction time to be faster following exercise Davranche and McMorris [1] [4] [13]- [15] and caffeine consumption [7] [11] [16] [17] . Crowe, Leicht, and Spinks [18] examined the effects of caffeine consumption and anaerobic exercise, and found no differences in reaction time between groups which is consistent with the findings of the current study.
For the false alarms portion of the Contingent CPT, there was a significant time effect, but not an effect for condition. All conditions decreased from 5 minutes after exercise or quiet reading to 20 minutes after exercise or quiet reading, displaying a possible learning curve. The measurement of false alarms is a measure of selective inhibition because irrelevant stimuli must be inhibited in order to decrease the false alarms score. The lack of a condition effect in the current study is similar to other previous research which showed no differences in measures of selective inhibition [13] [19] In contrast to the results from the current study, several studies have shown an improvement between conditions after exercise [9] [20] [21] and Childs and de Wit [7] also saw an improvement in inhibition following the consumption of caffeine. Hogervorst et al. [10] also found greater inhibition in a group that received a combination of caffeine and exercise.
Once again this study showed differences by condition or time on performance of the WCST as measured by total errors. The WCST is used to measure of executive function, specifically planning, set shifting, working memory and goal directed behavior [11] . In contrast to the findings of the current study, previous research has found improvements in executive function following exercise [4] [22] and caffeine consumption [7] [17]. However, the findings of the current study are consistent with other studies which have not found a difference after caffeine consumption [11] [16] .
The current study does have some limitations. The findings of the current study were based on a small number of participants, potentially influencing the non-significant findings. Though the number of participants in the current study is similar to many of the previous research studies, it is possible that some of the results in the current study would have been statistically significant with a larger sample size. Another limitation may have come been the dosages of caffeine and exercise that were prescribed to the participants. Previous research has used a wide variety of intensities of exercise and dosages of caffeine. This study attempted to normalize caffeine and exercise based on the individual, but a lower intensity of exercise or higher dose of caffeine may have been better to show the differences hypothesized. A final limitation may have been the measures of cognitive function utilized in the present study. While the Contingent CPT and WCST are valid and reliable tests of cognitive function, other measures of cognitive function might be more sensitive to the influence of exercise and caffeine.
Conclusion
In this current study, there were no significant differences found for the three variables tested-total errors on the WCST, and reaction time and false alarms on the Contingent CPT, for condition effect, time effect or condition * time interaction, except for a significant time effect on false alarms on the Contingent CPT. There are many variables that may account for the variability in results seen in research studying at the effects of caffeine and exercise, individually and combined, on cognitive function. The lack of consistency points to the need for more research. 
